KAYRI HAVENS, CLAUDIA L. JOLLS, TIFFANY M. KNIGHT, AND PATI VITT
I
nvasive species, those species that are nonnative and cause economic or environmental harm or harm to human health (Federal Register 1999) , are a well documented and significant threat to biodiversity worldwide (Pejchar and Mooney 2009) . Overall, the threat to biodiversity posed by invasive species is second only to habitat loss; invaders can cause decline, extirpation, and even extinction of native species (Simberloff 2000 , Vilà et al. 2011 , Powell et al. 2013 . Invasive plants can decrease provision of ecosystem services, change fire regimes, cause crop losses, and reduce the recreational value of natural areas (Simberloff 2000 , Pimentel et al. 2005 , Vilà et al. 2011 . For example, invasive species are estimated to cost the United States nearly $125 billion per year; of that, at least $34 billion is because of invasive plants (Pimentel et al. 2005) . A complete global assessment of the costs of invasive species has not been completed but could exceed $1.4 trillion per year according to Achim Steiner of the United Nations Environment Programme (UNEP 2009 ).
One of the several reasons cited for success of invasive species outside their native range is the enemy release hypothesis, which states that natural enemies are important regulators of populations and plants can achieve higher densities when growing in locations without these enemies (Keane and Crawley 2002) . Therefore, if plants become invasive because of a decrease in population regulation from enemies, it follows that introduction of those enemies to the invaded range will make the species less invasive. This has led to the practice of biological control (biocontrol) where an herbivore or pathogen, typically from the invader's native range, is introduced in order to control the invasive plant in its new range. Ideally, a specialist agent will establish, damage the target invasive plant species, and decrease the target's demographic vital rates, population growth, plant densities, and spread (Shea et al. 2010) . Even if the agent does not completely control the plant populations, partial control can make other management efforts less labor intensive, less environmentally damaging, and more cost effective. Biocontrol of invasive plants has been promoted as an environmentally friendly alternative to herbicide use. It is a seductive idea, that weeds can be controlled over the long term with relatively little labor and cost. The alternatives to biocontrol, such as herbicides and manual removal, require costly, long-term investment due to the long-lived seed banks of many invasive plant species and reinvasion through seed dispersal; such methods also carry their own set of risks. If a biocontrol agent works, the up-front investment can result in long-term control with low effort and large cost savings. In addition, biocontrol agents can disperse to areas that may be difficult to access using traditional management methods.
With these advantages, however, come some notable disadvantages. First, and foremost, do nontarget impacts arise when a biocontrol agent uses a nontarget species for feeding or some component of its life cycle (Howarth 1991) ? The nontarget taxon could be a native, threatened, or economically important species that managers do not wish to damage. There are well-documented cases of biocontrol agents with large-scale nontarget impacts, for example, the weevils Rhinocyllus conicus and Larinus planus on native thistles Louda 2001, Havens et al. 2012) . In these cases, nontarget impacts were observed once the agent was abundant and well dispersed; consequently, it was impossible to eradicate the problematic agents. Additional disadvantages can include the high up-front investment in a biocontrol agent that may fail to successfully control a target weed. Biocontrol agents can fail to be successful in a variety of ways: a failure to establish or spread, a failure to reach adequate densities to damage the target weed populations, or a failure to affect demographic vital rates of target weeds at levels that correspond to decreases in their population growth. A related problem is that target weed removal does not necessarily mean that a native community recovers. In some cases, additional weeds, often even more intractable than the target, move into the community. For example, biocontrol of Hypericum perforatum in Idaho led to invasion by yellow star thistle (Centaurea solstitialis) and spotted knapweed (Centaurea maculosa; Campbell and McCaffrey 1991) .
Globally, tremendous resources have been invested in biological control programs. At least 551 agent species have been released to control 224 invasive plant species (Winston et al. 2014) , with an estimated cost of $460,000 per agent (McFayden 1998) . Several reviews showed that biological control has been an overall success (Culliney 2005 , Van Driesche et al. 2010 , Clewley et al. 2012 . A recent global analysis showed that 65.7% of targeted weeds experienced some level of control (Schwarzländer et al. 2018) , concluding that biological control agents have controlled, at least partially, several invasive plant species that were causing significant environmental and economic harm. Van Driesche and colleagues (2010) classify biocontrol efforts into three categories (complete control, partial control, or in progress), leaving the reader with the impression that all releases will be successful to some extent given sufficient time.
It has been argued that a small number of well cited and publicized cases of nontarget effects on native plant populations and on ecosystem processes have resulted in a negative overall perception of biological control, which may slow or prohibit the development and use of successful biological control agents in the future ). Many of these problematic agents were released before the implementation of more comprehensive prerelease testing of feeding preferences that occurs today . Furthermore, the problematic agents might represent rare exceptions in which the agent evolved to use other food sources postrelease (e.g., the genus Larinus; Briese et al. 1996) or the agent has trophic effects on the ecosystem (Willis et al. 2003) . In some countries, agents that may have nontarget impacts are allowed to be released if associated harm from the nontarget impacts is presumed to be less than that offered by other control methods or lack of weed control .
In this article, we evaluate the evidence for success and risks of classical biological control of weed species using arthropods. Two recent syntheses have addressed the success of biological control of invasive plants (Clewley et al. 2012 ) and the prevalence and severity of nontarget impacts (Suckling and Sforza 2014) . These reviews point to a very positive assessment of biological control. Clewley and colleagues (2012) evaluated the success of biological control agents on target weeds by quantitative review of mostly field studies that monitored the effects of agent presence or absence on plant damage or fitness experimentally. They found that biological control significantly decreased target invasive plant fitness in the majority of published studies, and that the effect size of this reduction was relatively high (e.g., a 42% reduction in seed production of target weeds). Suckling and Sforza (2014) reviewed literature that reported nontarget impacts of biological control agents. They concluded that when nontarget impacts occur, they typically show minimal effects of the biocontrol agent on native plant species.
Effects of agents on target weeds
Although these synthetic reviews suggest a robust and positive assessment of biological control programs, there are several reasons why such conclusions might be premature and overstated. The effectiveness of the biocontrol agent on the target weed should be measured by a decrease in the population growth rate of the target weed or in its equilibrium population size. Indeed, scientists working in the field of biological control have stressed the need for rigorous evaluation of biocontrol efficacy. For example, standards for success described by Smith and DeBach (1942) and restated by McEvoy and colleagues (1991) require a reduction in weed populations after introduction of the biocontrol agent, weed populations remain small after the agent establishes, and weed populations increase when protected from the agent. From our review of the literature, criterion 3 is the most problematic. For example, the most appropriate experimental design is to exclude the focal biocontrol agent at the same site and time as the introduction. In our review, we have rarely seen this design implemented. Another appropriate approach is to have paired introduction and control sites. Robust experimental design combined with the measurement of appropriate response variables are necessary to make scientifically rigorous conclusions of the impact of biocontrol agents on their target weed populations.
Many of the studies cited in the literature as evidence of biocontrol effectiveness are designed as prerelease studies, done in a laboratory or enclosure prior to the decision to release an agent. Although such experiments are necessary prior to release, these types of studies do not assess if an agent is successful curbing fitness and population growth of target weeds in nature. This requires demonstrating that the presence of these agents in a field setting reduces some component of fitness of the target weed and that translates into a decreased population growth rate. In their quantitative meta-analysis, Clewley and colleagues (2012) concluded that biological control agents significantly reduced flower and seed production of target weeds in most studies and that the effect size was relatively high (e.g., a 35% reduction in flower production and a 42% reduction in seed production). They stated that they only included studies in their analysis that used appropriate design with control and treatment groups (e.g., comparing plants at sites before and after agent release, comparing plants in locations with and without the agent, and comparing plants excluded from agents with insecticide with control plants at a site with agents present).
We examined all of the studies in Clewley and colleagues (2012) that measured flower or seed production as response variables (table 1) and found that most are not useful for evaluating biocontrol efficacy on target weed populations in a field setting. First, several studies were conducted or statistically analyzed at the individual plant level rather than at the population level (table 1) . These studies identified plants within a population that had agents on them and compared the fitness of these plants to those without agents on them. Such studies do not allow one to assess the mean level of damage and fitness losses that agents cause to plants at a release site. Rather, these studies simply illustrate that agents can harm individual plants in a field setting. Second, other studies compared plants that had agents placed on them (and often restricted to the plant using an enclosure) to plants with no agents on them in a field setting (table 1) . In many cases, the density of agents experimentally placed on the plants was high; such densities may not be realistic under field conditions where agents are allowed to move freely among plants. Finally, two of the studies were conducted in a laboratory setting and should have been excluded (table 1) . Therefore, we conclude that too few studies in the Clewley and colleagues (2012) review allow us to address whether and by how much agent release reduces reproductive fitness of the target weed population (n = 2 studies for flower production, n = 3 studies for seed production; table 1), and that it is premature for meta-analysis of biocontrol efficacy.
Because fitness reductions do not necessarily translate into substantial changes in population growth rate, the next step in documenting efficacy should be a quantitative assessment of how agents effect populations. We echo Sheppard (2003) and others in their call for the use of demographic models to assess population-level effects. Demographic approaches have already proved useful in guiding invasive plant management and the use of biocontrol in several instances (McEvoy and Coombs 1999 , Buckley et al. 2005 , Shea et al. 2005 , Catton et al. 2016 ) and have the potential to provide additional important insights in the future.
For example, agents might cause large reductions on seed production but minimal reductions on population growth rate if plants have higher fitness at other stages in the life cycle because of compensatory density dependence or if the growth rate of the population is relatively insensitive to changes in fertility. One of the studies in the Clewley and colleagues (2012) meta-analysis showed that a weevil biocontrol agent (Eustenopus villosus) dramatically reduced seed production and seedling densities of yellow star thistle (Centaurea solstitialis). However, these reductions in fertility did not result in a lower density of adult plants in the population because of compensatory density dependence (Garren and Strauss 2009) . Several reviews of the sensitivity of plant populations to changes in annual fertility have shown that long-lived perennial plants, such as woody shrubs and trees, are relatively insensitive to perturbations in their annual fertility (e.g., Ramula et al. 2008 , Knight et al. 2011 . Indeed, several of the target weed species in the Clewley and colleagues (2012) meta-analysis (table 1) are woody plants, for which the agent effects on fecundity are predicted to have minimal effects at the population level. A recent meta-analysis across 26 plant species (mostly native) reveals that specialist invertebrate enemies can have large effects on plant population dynamics (Katz 2016) . However, only two plant species in this meta-analysis were studied in the context of experimental manipulation of biocontrol agents. Of these two studies, one showed that the biocontrol agent could depress plant population growth rate (Dauer et al. 2012 ) and the other did not (Garren and Strauss 2009) . There is an urgent need for more research on this topic.
Studies in which both demographic analyses of the effectiveness of the biocontrol agent on the target weed and similar analyses on any affected nontarget species are considered, as was recently undertaken by Catton and colleagues (2016) , serve the dual purpose of ensuring the efficacy of the release agent and discerning the severity of nontarget impacts. One of the vexing problems of biocontrol is that the demographic impacts of seed or adult individual loss can be very different for weeds versus rare taxa, because of differences in plant life history strategies. For example, seed weevils, such as Larinus planus, are expected to have little effect on Cirsium arvense, which is a clonal perennial plant. Population-level studies have shown that although seed production is undoubtedly important for new populations to be established, asexual reproduction is of overwhelming importance to the dynamics of extant populations (reviewed by Leathwick and Bourdôt 2012) . Therefore, although a seed-feeding biocontrol agent should have relatively minor effects on the growth rate of target weed populations, it causes substantial declines in the growth rates of rare species, as evidenced by their effect on the federally threatened native plant species Cirsium pitcheri (Havens et al. 2012) . As a monocarpic perennial with no capacity for asexual reproduction, C. pitcheri populations respond dramatically to factors that decrease seed production of reproductive plants. Laboratory study where it is not possible to evaluate whether or not the level of damage and fitness that these plants have reflects the levels that could occur in a field setting when the agents can move between plants. Analysis compared reproductive success of plants with agents to those without them (sometimes at different levels of agent density). This approach does not allow one to determine how agents decrease mean flower or seed production of the target weed. For example, it is possible that in a population of hundreds of weed individuals, only a few individuals are colonized by the agent. In this case, the differences in reproductive success between plants with and without those agents can be quite dramatic even though the overall effect of the agent's presence for the fitness of the weed population is weak. There was no experiment to manipulate agent presence or comparison between control and release sites. The analysis compared reproductive success of plants with agents to those without them (sometimes at different levels of agent density). This design has similar issues to those discussed in d.
f Measured allocation of biomass to flowering stems rather than seed production and therefore should not be included in a meta-analysis in which the response variable is seed production.
Weak scientific support for impact of biocontrol on target weeds Winston and colleagues (2014) classified weed-agent pairs into categories on the basis of the observed success in particular places in the world. They concluded that many agents caused heavy impacts on their target weed in specific locations. Although they stated that their classification scheme was subjective, they provided references to support their classification.
In the present catalogue, agents that are deemed to have the greatest observed effect on their target weeds are classified as heavy impact. We evaluated the scientific evidence for the claims of heavy impact. We review 47 case studies of biocontrol, five of which are randomly selected heavy impact cases in the catalog of biocontrol introductions (Winston et al. 2014) , and the remainder of which are widely cited successes in the biocontrol literature (most of which were ranked as heavy or variable impact in the Winston catalog).
The methodology for case selection was as follows. For the catalog selections (Winston et al. 2014) , five cases were randomly selected from the 316 releases designated as heavy impact. The weed species, agent, and place (but not the year of release) were used as a case study. For the widely cited successes, we compiled a list of invasive plant species viewed as well controlled from reviews published after 2000 , Nordblom 2003 , Culliney 2005 , VanDriesche et al. 2010 . The cases included all five listed in Hinz and colleagues (2014) , the top four of a ranked list of 22 cases from Culliney (2005) , the one plant case that received top rating (widespread control) in Nordblom (2003) , the four cases shown to be beneficial in an ex post analysis by Syrett and colleagues (2000) , and the 15 cases from VanDriesche and colleagues (2010) categorized as complete control. Duplicate cases were removed, leaving us with 22 plant species. Many of these plants have had more than one agent introduced to control them. We focused on arthropod agents only, but included multiagent studies that had at least one arthropod represented. We also focused on regions where the control had been most successful. The 47 resulting case studies are listed in table 2. We focused much of our analysis on notable success stories, which might be the most likely to reference scientific studies with good experimental design.
Our question for these case studies was, "Is the biocontrol agent effective in controlling target weed populations?" Even though we state above that the best test of efficacy should assess fitness across the entire life cycle of the plant using demographic models, evidence that the agent is effective at controlling a weed population could include any fitness component (i.e., average seed production) or short-term changes in population density. We reviewed the literature for references about the success of the agent on the weed in the geographic area of interest. For each weed-agent pair, we extracted the references on "agent impact" in the biocontrol catalog (Winston et al. 2014) for the region of interest. We also extracted the references cited in the reviews from which we drew our case studies , Nordblom 2003 , Culliney 2005 , VanDriesche et al. 2010 ). Finally, we conducted searches on Web of Science and Google Scholar through September 2017 for the pair of scientific names (weed and agent) and selected all post-2000 references for the region of interest that were not already present in the biocontrol catalog and that focused on agent effectiveness or measures of biocontrol success. This approach ensured that we were including all possible studies in our review, including those not cited by Winston and colleagues (2014) or those published since this catalog was compiled. Personal communications cited in Winston and colleagues (2014) were omitted from the analysis. For each paper, we asked if the experimental design was appropriate to show a decline in weed density or fitness at the population level. If so, we indicated the response variable or variables (supplemental table S1).
We found overwhelmingly that the literature describing biocontrol successes for the 47 case studies we examined was based on personal communications, before and after photos, visual estimations of changes in cover that were qualitative but not quantitative, declines in weed density without control plots for comparison, as well as subsequent reviews that drew heavily on the same studies. In several cases, experiments were designed to ask what the effect of the agent was on infested plants. Unfortunately, many of these studies have been misinterpreted in subsequent citations as showing an effect of the agent on weed populations. Only 17% of our weed-agent pairs (8 out of 47) contained appropriate experiments demonstrating efficacy, despite biasing our selection of pairs toward well-cited success stories of biocontrol. This is not because of a lack of published literature. We evaluated 429 published papers on these 47 pairs and less than 3% had adequate experimental design and showed a populationlevel effect of the agent on the target weed (figure 1, table S1). Although some of the agents very likely have caused population-level changes in weed fitness or density, we currently lack the data to rigorously assess this, indicating a need for more postrelease studies on biocontrol efficacy, particularly those using demographic approaches. The lack quantitative evidence demonstrating population-level effects of biocontrol agents makes it extremely difficult to assess objectively the success of these agents using the standard approach of a meta-analysis.
Are nontarget impacts rare?
Suckling and Sforza's (2014) review documents the nontarget impacts published to date. They begin their analyses with the premise that the most obvious risk is that of a host shift, which is a change in host preference from the targeted invasive species to a native species or a crop in the introduced environment. They create a framework in which to evaluate potential nontarget impacts, following the example of Parker and colleagues (1999) . They undertake a retrospective analysis and assess documented nontarget impacts on a five-step scale. Their scale of nontarget impacts ranges from minimal 
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Note: Three of the randomly selected case studies consist of the same weed-agent pair as the widely cited success, but extend consideration to a new geographic location. See supplemental table S1 for assessment of literature related to these case studies (two weed-agent pairs did not have references meeting search criteria and do not appear in table S1).
to massive, which takes into account effects on individuals and populations of nontarget species, then scaling up to changes in habitat structure or disruption to ecosystem processes such as succession as a result of the loss of keystone nontarget species. Suckling and Sforza (2014) concluded that most direct nontarget impacts from biological control agents were "minimal or minor, " significant impacts were rare, and that the majority of agents "have no known significant adverse impacts thus far. " The authors offer that agents with the largest impacts would not now be permitted for use (e.g., Cactoblastis cactorum moth, Rhincyllus conicus seed weevil) and fewer nontarget impacts can be expected in the future. One potential bias with this approach is that the majority of the studies included in the Suckling and Sforza (2014) meta-analysis were not experiments specifically designed to test for nontarget impacts but rather are reports of host range expansion. Unless these impacts occur on monitored rare species, on crop species where there are economic consequences, or the impacts are very large, resulting in visible devastation to a species, the impacts may not be noticed, much less reported. Systematic searches for nontarget impacts of released agents are not reported with any regularity. Of those nontarget impacts that have been documented, many have been discovered fortuitously (e.g., detection of Cactoblastsis cactorum moth attack on the rare cactus Consolea spinosissima of the Florida Keys, Simberloff and Stiling 1996). Cases of major nontarget impacts can go undetected or unreported until decades after release. For example, nontarget feeding by Larinus planus on native Cirsium undulatum after 1992 and 1993 releases in Colorado was not reported in the primary literature until a decade later by researchers who were looking for nontarget seed predation by Rhinocyllus (Louda and O'Brien 2002) .
Indicators of nontarget impacts can be subtle and difficult to discern, because there are many reasons why individuals within a population may experience reproductive failure or increased mortality. In the US, there are numerous native congeneric taxa of weeds that have already been targeted for biocontrol, including 15 that are federally listed as threatened or endangered (table 3) . This does not represent a comprehensive list of potential nontarget impacts on listed plant species in the United States because there have been some documented cases of damage on species that are more distantly related than congeners (Pemberton 2000) . For agents that have already been released, particularly those released before more rigorous host testing procedures were implemented, we suggest that nontarget impact searches be done regularly on close relatives of target weeds, especially for rare taxa. Using citizen science rare plant monitoring programs, such as Chicago Botanic Garden's Plants of Concern, may be a relatively cost-effective way to accomplish this goal.
Advocates of both biological control and species conservation have called for greater attention to the detection of nontarget impacts largely because of the understanding that the "absence of evidence is not evidence of absence" (Howarth 1991, Simberloff and Stiling 1996) . However, there is still no solid consensus on what constitutes a nontarget impact. Damage to economically important crops and rare species are typically mentioned, but little attention is paid to community changes resulting from the establishment of a new species, which may be even more difficult to discern. All too often in the current literature, examples of minimal nontarget impacts are actually data deficient. Much of the older literature is presented in review articles or is based on recitation of other work, often using anecdotal, unquantified, or unpublished reports (e.g., Suckling and Sforza 2014 cite Fowler et al. 2000 who cite Harris 1988 who references a personal communication).
If nontarget impacts are present, detecting them is analogous to documenting extinction in conservation biology. Large or massive effects (sensu Suckling and Sforza 2014) are more likely to be detected than smaller effects, whereas documenting absence of impact is, by definition, impossible. In conservation biology, the probability of detecting organisms in field surveys has become an important measure in the design of efficient and effective monitoring programs (Bornand et al. 2014 ). Time to detection has been suggested as a reasonable proxy for traditional occupancy models (Bornand et al. 2014) . Because it may take years to decades for nontarget effects to be detected, it follows that the probability of detecting nontarget impacts is quite low. Surveys for nontarget effects require a monitoring design that includes searches in the community at the site of release, as well as regional searches. In addition, multiple years of monitoring may be required to increase confidence that there will be no sustained or increasing nontarget impacts. Overall, postrelease programs should involve optimal monitoring protocols similar to those currently used for rare species and for early detection of invasions (Regan et al. 2006 , McCarthy et al. 2013 ), which will require increases in funding or reallocation of funds to postrelease monitoring.
Conclusions
The desire for biocontrol programs to be successful is understandable. We all wish for that magic bullet to deal with the very real conservation problem of intractable weeds. Risk analysis frameworks have been suggested to improve the decision-making process surrounding the practice of biocontrol (Nordblom 2003, Downey and Paterson 2016) . We agree that prudent decisions require weighing the risk of the target weeds to native communities, the likelihood and magnitude of success of the biocontrol agents, and the risk and magnitude of damage of nontarget impacts. We call for more engagement by both biocontrol and conservation professionals toward consensus on the design, data needs, and analytical approaches used in postrelease biocontrol studies and are encouraged to see this collaborative approach in a recent book (Van Dreische et al. 2016 and chapters therein). Demographic models can be useful in helping us weigh these risks and rewards, as they are already doing for studies of weed population growth (Shea 2004 ).
Demonstrating effectiveness. Successes of biological control must stand up to critical evaluation. We maintain that this means experimentally demonstrating a decrease in both components of fitness and population growth rate of weed populations, preferably in many populations. To date, many studies have compared individuals with and without agents on them in a single release site, and measured plant damage. This approach cannot be used to estimate the effects of agents on mean fitness, unless the frequency of individuals in the population with and without agents is also quantified. We recommend more studies that use rigorous experimental design (comparing plants in sites with and without the agent with replication, or comparing plants excluded from agents with insecticide with control plants at a site with agents present). Agents cannot be deemed successful unless population level impacts are apparent. Results of these studies should be published in the peer-reviewed literature where they are accessible to researchers conducting risk analyses and meta-analyses. We found that much of the biocontrol literature was very difficult or costly to access, compromising transparency to the larger scientific community. (Shea 2004 , Ramula et al. 2008 . For instance, the population growth rate of long-lived perennial and woody species tend to be highly sensitive to changes in survivorship of adult plants and quite insensitive to changes in fecundity (Ramula et al. 2008) . Seed predators will likely do little to curb population growth of perennial plants (although they may help reduce spread). Agents that reduce reproductive fitness of plants are more likely to be effective for annuals and short-lived perennials, which are expected to be relatively sensitive to changes in fertility and recruitment vital rates. Therefore, priority should be given to developing agents that target reproductive success for short-lived taxa and agents that shorten life span or kill adult plants for perennial and woody taxa. Monitoring and quantifying nontarget impacts. Success must also be measured by the absence of nontarget impacts. This requires systematic monitoring for these impacts, which may occur in places and times far removed from the original introductions. We suggest an expansion of the Sentinel Plant Network to include monitoring for nontarget impacts. This collaborative project between the American Public Gardens Association and the National Plant Diagnostic Network engages public garden staff and volunteers in the early detection of plant pests (https://publicgardens.org/programs/sentinel-plant-network/about-spn). Although currently focused on invasive insects and pathogens, early detectors could also go through training to recognize biocontrol insects. Another way to monitor for these impacts would be to ask all native seed banks to collect and identify insects discovered during seed cleaning and record on which species they were found. Photographic identification resources on released agents and their target taxa would facilitate this effort. If nontarget impacts are discovered, they should be studied in a rigorous manner to determine their impact at the population level. If significant, this finding should halt further use of the agent anywhere the negatively affected taxa occur. In essence, we need an early detection, rapid response system for biocontrol agents similar to those used for invasive plants.
In order to better monitor for nontarget impacts, records of releases and their locations need to be publicly available. An app based on the weed early detection program EDDMapS, iBiocontrol (www.ibiocontrol.org/index.html), has been designed to contain data on the release sites of biocontrol agents. It was recently launched and should facilitate monitoring for nontarget impacts if it becomes widely used (Wallace and Bargeron 2014) . In addition, all unauthorized introductions should be curtailed. It can be extremely difficult, if not impossible, to control agents once they are widespread, especially given that control methods may not be studied prior to release. For example, unauthorized spread of Diorhabda carinulata, a biocontrol agent for Tamarix spp. in the western U.S., led to a widespread controversy and several lawsuits related to potential harm to the southwestern willow flycatcher (Empidonax traillii extimus), an endangered bird known to nest in Tamarix (Dudley and Bean 2012) . Furthermore, in many systems the use of pesticides to control rogue agents may be contraindicated because of unacceptable impacts on pollinators or other wildlife, e.g., in Cirsium pitcheri, pesticide applications to control the seed weevils Larinus planus and Rhinocyllus conicus could also harm pollinators including an endangered bumblebee, Bombus affinis.
Appropriate investment and economic analysis. The majority of investment in this field is spent on screening and developing new agents, whereas far fewer resources are spent on evaluating whether or not agents curb weed population growth or have nontarget impacts once they are released. Costs for long-term monitoring both efficacy and nontarget impacts should be built into every biocontrol project. The experiments and demographic data collection needed are not difficult to do and lend themselves well to graduate student research. Finding ways to engage more ecologists in this field would be valuable, perhaps by funding students and early career scientists to collaborate on biocontrol projects.
In addition, risk assessments should include the cost of developing, deploying, and monitoring biocontrol agents relative to mechanical or chemical control methods, and include the cost of community restoration postcontrol. Only when we have sound quantitative data on the costs, efficacy and risks of biocontrol can we make informed decisions about if and when biocontrol should be used. We must ask ourselves what risk is acceptable, because, once an agent is established, we will likely not be able to remove it from the community. We cannot predict all possible changes to communities until it is too late to prevent them. At present, with the current data available, we conclude that given the uncertain efficacy and the demonstrable risks of biocontrol, its use should be less frequent, better regulated, and better monitored.
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